Streptococcus pneumoniae, the pneumococcus, is a major cause of morbidity and mortality worldwide (16) . This bacterial pathogen is considered the most common cause of communityacquired pneumonia and meningitis and is among the most common causes of sinusitis, chronic bronchitis, and otitis media (7, 10) . Multidrug-resistant pneumococci continue to be a major concern for the effective treatment of respiratory tract infections (1) . In addition, pneumococcal infections are among the major causes of death due to infections in the United States (12) . This is especially true among elderly individuals and those with underlying chronic disease (6, 8, 11) .
Pneumococcal surface proteins that are important in physiology or pathogenesis represent potential vaccine components as well as targets for new classes of therapeutic agents (16) . Pneumococcal surface protein A, PspA, is one of the best characterized of these proteins. PspA elicits protective immunity in mice against pneumococcal challenge (2), and antibodies from humans vaccinated with PspA passively protect mice against infection (3).
We used this well-characterized mouse model of protective immune response to examine the ability of a poly(ethylene oxide) matrix to deliver antigen and modulate the immune response. The matrix represents a novel delivery system that can augment the immune response and does not require an injection. This system will likely lead to broader acceptance of vaccines. As proof of concept, the matrix containing PspA was implanted subcutaneously in mice for direct comparison to subcutaneous injection of the antigen.
Bacterial strains and growth conditions. S. pneumoniae WU2, which was used to challenge mice, was grown in ToddHewitt broth with 0.5% yeast extract at 37°C. Serial dilutions were performed to determine the CFU of the pneumococci by plating on blood agar and incubating at 37°C under reducedoxygen conditions. Statistical analysis. Data were compared by analysis of variance with Tukey's correction for multiple comparisons and Student's unpaired t test (GraphPad InStat). P values of Ͻ0.05 were considered significant.
Immunization with PspA incorporated into a poly(ethylene oxide) matrix. Recombinant PspA (rPspA) used in this study was derived from the nonencapsulated strain Rx1 and purified as previously described (21) . rPspA/Rx1 was incorporated into hot-melt extrusion matrices composed of poly(ethylene oxide). This process has been shown to be a viable technique for delivery of drugs (20) . A volume of polymer slurry was mixed with 500 g of rPspA/Rx1 such that a 5-mm disk of the final material would contain approximately 30 g of rPspA/Rx1 using an extruder that produced a single sheet or film of polymerized matrix. During the extrusion process, the film reached a maximum temperature of 90°C for approximately 30 seconds. PspA has been shown to be a very stable protein that can tolerate exposure to heat (14) . The films were processed into 5-mm-diameter disks. The disks were evaluated postextrusion for PspA content, physical uniformity, and dissolution rate. The disks containing PspA and bovine serum albumin (BSA) were dissolved in water for 30 minutes and then loaded on the gel. Western blot analysis of the rPspA incorporation in the matrix was performed as previously described (18) . The matrix was proven not to inhibit PspA interaction with an anti-PspA monoclonal antibody. By Western blot analysis, PspA is detected in the matrix as a diffused pattern due to the incorporation in the poly(ethylene oxide) matrix, which did not retard the monoclonal antibody's accessibility to the protein (Fig. 1) .
CBA/N (CBA/CAHN-BTK XID/J) mice (Jackson Laboratory, Bar Harbor, ME) were immunized with the laminatedfilm systems containing poly(ethylene oxide) incorporated with PspA. An 8-mm incision was made in the skin of anesthetized mice in the inguinal area, and the 5-mm-diameter disk with 30 g of rPspA/Rx1 in the matrix was inserted under the skin. A group of mice were given 30 g of BSA in the matrix as a control. Other groups of mice were surgically manipulated and then injected with either 30 g of rPspA/Rx1 in lactated Ringer's solution or 30 g of rPspA/Rx1 with 30 g of alum. At 14 days, the procedure was repeated on the opposite side of the inguinal area. At 21 days, the mice were bled and then challenged intravenously with 10 times the 100% lethal dose of WU2.
All of the mice that received PspA with alum or in the matrix survived a lethal pneumococcal challenge compared to the control mice, none of whom survived (Table 1) . Serum PspAspecific immunoglobulin levels were determined by enzymelinked immunosorbent assay (ELISA) as previously described (2) . ELISA results revealed that the level of serum anti-PspA antibodies for mice immunized with PspA in the matrix was 554.69 Ϯ 183.23 g/ml, which was not statistically different from the anti-PspA level in mice immunized with PspA on alum, 1,042.22 Ϯ 281.81 g/ml (Fig. 2) . Interestingly, the level of anti-PspA antibodies elicited by PspA in the matrix was statistically higher than the level of anti-PspA antibodies in mice receiving PspA without adjuvant, which elicited 10.99 Ϯ 4.26 g/ml (P Ͻ 0.009). Our data demonstrated that the delivery of PspA via the laminated film results in a significant increase in antibody responses.
Cross-reactivity. Western blot analysis of the cross-reactivity of the serum from mice immunized with PspA in the matrix was performed as previously described (18) . The immune sera from mice immunized with PspA in the matrix reacted with PspA in cell lysates of different pneumococcal strains and recombinant PspA (Fig. 3 ). The data demonstrate that the quality of antibody elicited by PspA incorporated in the matrix is equivalent to that of antibodies elicited by immunization with PspA on alum.
Current research has focused on developing alternative dosage systems capable of intimate contact with the mucosa and able to release the drug for a prolonged period of time. Hotmelt extrusion technology is being used to produce thin films containing different drugs for transdermal, transmucosal, and wound care applications (19) . The advantages of this system are that the dissolution rate, size, and shape of the final product and the amount of the incorporated vaccine antigen can be varied. Also, the film is water soluble, which allows the amount of vaccine material released from the disk to be accurately determined.
In this study, we investigated the ability of a matrix containing PspA delivered subcutaneously to elicit protection against fatal pneumococcal challenge. Our results demonstrated that films implanted subcutaneously in mice can elicit protective immune responses. Immunization with PspA in the lactated Ringer's solution demonstrated the ability to elicit a specific immune response. Previous studies in our laboratory have established that minimal levels of anti-PspA antibodies are sufficient for protection against pneumococcal challenge (2). Immunization of mice using PspA with adjuvant has repeatedly on January 25, 2018 by guest http://cvi.asm.org/ been demonstrated to be very effective in eliciting protection (3-5, 9, 13, 15, 17) . The poly(ethylene oxide) matrix used both serves as a potential delivery system and offers adjuvant characteristics. This study demonstrates the adjuvant effects of the matrix on the immune response and the resultant protection from a lethal pneumococcal challenge. This shows that PspA in the matrix is recognized by the immune system and that the immune response is similar to that in mice immunized with PspA on alum and is not a local response. The laminated-film system has been used to study the prophylaxis and treatment of oral candidiasis by incorporating clotrimazole in the film system and the delivery of dental analgesia such as lidocaine (19, 20) . To our knowledge, this study is the first to investigate the efficacy of pneumococcal immunization via a laminated-film system. Further development of this immunization model would allow for the evaluation of the mucosal immune response against carriage and systemic pneumococcal infections. Results from these studies will advance the development of an effective transmucosal delivery system against bacterial infections.
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